Technology to control cut flower opening and improve cut flower quality is important to meet consumer demands. We investigated the effects of light environment on flower opening in cut rose. Cut roses were kept under red light-emitting diode (LED), blue LED, and white fluorescent lights, and in constant darkness. We measured their flower opening, petal growth, water uptake, and water evaporation rates. In cut roses subjected to red light treatment, flower wilting was suppressed, and they exhibited a higher petal fresh weight than those subjected to other treatments. The same trend was observed in cut roses without leaves. Water uptake and evaporation rates were significantly higher in cut roses subjected to white fluorescent light treatment than in those subjected to other treatments; however, there was no significant difference when leaves were removed. Thus, water uptake and evaporation did not have relevance in improving the quality of cut roses subjected to red light treatment. Our results showed that light environment strongly affects flower opening and water balance in cut roses. Thus, understanding the response of a cut flower to light stimuli might lead to the development of a new method to control flower opening and water uptake in cut flowers.
INTRODUCTION
Several people find flowers attractive and consider them as an essential part of their daily lives. Thus, a comprehensive understanding of the mechanisms of flower opening would benefit commercial horticulture and plant science in general. The development of several agents, such as ethylene production/action inhibitors (van Doorn and Woltering, 2008) , for preserving cut flower quality can be attributed to the continuous efforts made for improving cut flower quality and ensuring that cut flowers last for a long time. Ethylene reportedly regulates flower opening, petal expansion, and senescence in rose Tan et al., 2006) . Reportedly, sugars play a role in prolonging the vase life of cut flowers (Paulin, 1979; Ichimura et al., 2003) , whereas sucrose treatment increases the vase life of cut carnations and roses (Paulin and Jamain, 1982; Ichimura et al., 2003) .
So far, most research studies have focused on senescence to improve the vase life of cut flowers (van Doorn and Woltering, 2008) . It is important to understand the flowering mechanism of ornamental plants, especially of flowers such as roses, and establish methods to control flower opening and senescence, as the ornamental value of such flowers lies in the process of blooming from their buds. Light conditions, including wavelength and photoperiod, have been shown to affect several aspects of plant physiology, such as flower opening and volatile emission (Kaihara and Takimoto, 1980; 1981a; 1981b; Hendel-Rahmanim et al., 2007) . However, only a few studies have focused on the perception and effects of light on flower opening in roses. Thus, understanding the response of a cut rose to light stimuli might lead to the development of a new method that can be used in addition to sugar and ethylene production/action inhibitors to improve cut rose quality especially at distribution and retail stages. Thus, we investigated the effects of light environment on flower opening and water balance in cut roses.
MATERIALS AND METHODS

Plant materials
Rose (Rosa "Red Star") flower stems were harvested at the commercial harvest stage from a commercial nursery in Aichi Prefecture, Japan in March, 2018. Within a day of harvest, cut roses were transported to our laboratory under a dry, dark, and cool condition.
Treatments for cut roses Soon after their arrival at our laboratory, the roses were cut to a length of 30 cm, and the stem ends were continuously placed in one of the eight treatment solutions described below to evaluate the effects of leaf removal and light environment on flower opening. During all treatments, cut roses were held in deionized water with 0.02 (w/v) 8-hydroxyquinoline monohydrate (Wako Pure Chemical Industries Ltd., Osaka, Japan) at 25 , 60 relative humidity, and a 12-hour photoperiod. Each rose was held in 300 ml of above solution. We used conical beakers, whose capacity is 500 ml, height is 150 mm and outer diameter is 97 mm in this experiments. We did not add above solution to compensate evaporation during experiments. Cut roses were kept in growth chambers with different light environments: red LED (light-emitting diode) light, peak emission at 660 nm (red); blue LED light, peak emission at 440 nm (blue); white fluorescent light (white); constant darkness (dark) ( Fig. 1 ). Cut roses subjected to red, blue, and white light treatments were exposed to a photon flux density of 20 30 mmol m Ϫ2 s Ϫ1 . These conditions were determined by reference to the environmental condition used by Japan Flower Promotion Center Foundation (https://www.jfpc.or.jp/). Cut roses were subjected to the following treatments: (1) leaves were removed except for the upper two nodes and the cut roses were kept under red light (red, with leaves); (2) leaves were removed except for the upper two nodes and the cut roses were kept under blue light (blue, with leaves); (3) leaves were removed except for the upper two nodes and the cut roses were kept under white fluorescent light (white, with leaves); (4) leaves were removed except for the upper two nodes and the cut roses were kept under constant darkness (dark, with leaves); (5) all leaves were removed and the cut roses were kept under red light (red, without leaves); (6) all leaves were removed and the cut roses were kept under blue light (blue, without leaves); (7) all leaves were removed and the cut roses were kept under white fluorescent light (white, without leaves); (8) all leaves were removed and the cut roses were kept under constant darkness (dark, without leaves). We measured changes in the fresh weight of whole plants including both reproductive and vegetative organs once in every two days during the experimental periods. Five outermost petals in each treatment were sampled and their fresh weight were measured at 3 days and 7 days after treatment. The experiment was conducted from 7 to 15 March, 2018 and 16 to 24 March, 2018.
Water uptake and evaporation from cut roses
We measured the fresh weight of cut roses and the amount of water every 2 days during the experimental period. We measured water evaporation from a beaker containing the same volume of water as the beaker holding the cut roses. No cover was used to suppress direct evaporation from water surface for both beaker holding the cut rose and one without cut rose. The determined value was then subtracted from the total amount of water lost from the beaker holding cut roses to calculate their water uptake. From this water uptake, we subtracted the changes in fresh weight of cut roses to calculate the amount of water evaporated from cut roses.
Experimental design and statistical analysis Three cut roses were used for each treatment. All experiments were repeated twice. Data were subjected to analysis of variance, and differences across means were determined using Tukey's test, where significance was defined as Pϭ0.05.
RESULTS AND DISCUSSION
In the present study, cut roses with leaves subjected to blue light treatment tended to wilt faster than those subjected to other treatments after 4 days (Fig. 2) , and the same trend was observed in cut roses without leaves (data not shown). Although the decrease in relative fresh weight of cut roses significantly differed among treatments for both cut roses with and without leaves, there was only a slight difference until 4 days after treatment when petals began to enlarge (Fig. 3) . In both cut roses with and without leaves, the relative fresh weight of cut rose was kept high under red light and low under blue light after 6 days ( Fig. 3 ). In addition, petal fresh weight at 7 days in cut roses subjected to red light treatment was significantly higher than that in cut roses subjected to other treatments (Fig. 4) . These results suggest that petal wilting is suppressed under red light treatment. Thus, the vase life of cut roses subjected to red light treatment was longer than of those subjected to other treatments. There was little difference in relative fresh weight of cut roses until 4 days and petal fresh weight until 3 days among treatments (Figs. 3 and 4). However, there is still possibility that light wavelength affect the speed of cut rose opening under different environmental conditions. Since environmental conditions used for cut rose distribution and retail stages differ from condition in this experiment in terms of temperature and humidity as well as light intensity, more researches using several environmental conditions are necessary to further investigate the effect of light environment on cut rose opening. We also measured water uptake and evaporation from cut roses subjected to each treatment (Figs. 5 and 6). In cut rose (Rosaϫhybrida) stems, the leaves play an important role in maintaining water uptake rates through transpiration (Halevy and Mayak, 1981) . A comparison between cut roses with and without leaves showed that water uptake and evaporation were higher in cut roses with leaves, indicating that water evaporation from leaves strongly affects the water uptake of cut roses (Figs. 5 and 6). Interestingly, during the first 4 days of treatment, water uptake and evaporation in cut roses with leaves subjected to white light treatment was significantly higher than in those subjected to other treatments (Figs. 5A and 6A). As there was no significant difference in water uptake and evaporation among treatments when all leaves were removed (Figs. 5B and 6B), differences in water uptake and evaporation in cut roses among treatments should be attributed to leaf function. Light intensity and wavelength affect stomatal opening and closure (Schwartz and Zeiger, 1984; Srivastava and Zeiger, 1995) . We believe that the light environment in each treatment affected stomatal opening and closure, and resulted in differences in water uptake and evaporation of cut roses; however, we did not investigate stomatal state.
In our experiments, the relative fresh weight of cut roses and petal fresh weight differed among treatments and exhibited similar results irrespective of the presence or absence of leaves on cut roses (Figs. 3 and 4) . These results suggest that the amount of water uptake and evaporation had little relevance to the changes in the relative fresh weight of cut roses and petal fresh weight among treatments. It is interesting that red light was effective in suppressing petal wilting of cut rose without leaves (Figs. 3B and 4B), although there was no significant differences in water uptake and evaporation among treatments. We suppose this phenomenon was caused by difference in water path though cut rose when the water evaporated. We suppose that more amount of water reached petals under red light compared with other treatments even in cut rose without leaves. Water evaporation from plant parts except petals (e.g., stamen, pistil, stem, sepals, and cut ends of leaves) under red light treatment might become lower than other treatments, resulting in petal wilting suppression, although detailed mechanism is still unknown. Further investigation, such as measurement of water potential of each plant part, is needed to explain above phenomenon. We believe light stimulus directly perceived by petals affected flower opening and petal growth, although there is also the possibility that sepals and/or stems of cut roses also perceived light. Flowers are reportedly photoperception sites, and they perceive red and/or blue light (Saito and Yamaki, 1967; Kaihara and Takimoto, 1980; 1981a; 1981b) . In Calendula arvensis, the opening and closing rhythm of flowers followed the light/dark cycle to which the flowers had been exposed when the leaves were subjected to a different cycle from the flowers ( van Doorn and van Meeteren, 2003) . In cut roses, detached rose petals have been shown to perceive light and synchronize their growth with the photoperiods (Horibe and Yamada, 2014a) . In addition, we have previously shown that rhythmic petal growth of cut rose without leaves kept under red and blue light was suppressed compared with white fluorescent light (Horibe and Yamada, 2014b) . There are many reports showing that the light condition affects several aspects of plant physiology, including flower opening and volatile emission (Kaihara and Takimoto, 1980; 1981a; 1981b ; Hendel-Rahmanim et al., 2007) . In Oenothera lamarkiana, flower opening was retarded by light exposure and was only effective when the wavelength was between 400 and 510 nm, which coincided with the blue and green regions of the spectrum (Saito and Yamaki, 1967) . In Ipomoea nil, red light promoted flower opening, but this effect was reversed by subsequent exposure to far-red light (Kaihara and Takimoto, 1980; 1981a; 1981b) .
In this research, we have demonstrated that flower opening and vase life in cut roses are influenced by light environment, suggesting that exposing cut flowers to specific light conditions might be useful to control flower opening. Thus, understanding the response of a cut rose to light stimuli might lead to the development of a new method to improve its qualities. However, there is still the possibility that light increased petal temperature by being absorbed by the pigments in petals, resulting in the promotion of petal growth. Depending on petal anatomy and pigmentation, light can increase petal temperature (McKee and Richards, 1998) . In Portulaca plants, increased temperature resulted in rapid flower opening, although light intensified the response (Ichimura and Suto, 1998) . Petal temperature changes may also affect petal growth in cut roses.
So what are the physiological mechanisms involved in the response of flower opening to light stimuli, which is observed in this study? Flower opening in roses is a process of irreversible petal growth and reflection in which existing cells expand and fresh and dry weights increase (Evans and Reid, 1986; 1988) . Sugar accumulation in vacuole, cell wall loosening, and subsequent water flow into cells are considered to be important for rose petal growth (Horibe and Yamada, 2017) . Regarding carbohydrate function in flower opening in roses, sugar accumulation in petal cells is believed to reduce water potential and promote water influx, ultimately leading to cell enlargement and flower opening (Ho and Nichols, 1977; Ichimura et al., 2003) . In addition, the activity of invertase, the enzyme that metabolizes sucrose translocated from source to sink tissues, reportedly seems to limit petal growth and is related to flower opening (Horibe et al., 2013) . Aquaporins, which facilitate the membrane transport of water molecules and low molecular weight compounds (Katsuhara et al., 2008) , also perform a remarkable function in petal growth. In tulips, petal opening and closure occur concomitantly with water transport and are both regulated by reversible phosphorylation of aquaporins (Azad et al., 2004) . Aquaporins are also reportedly involved in rose petal expansion (Chen et al., 2013) . In addition, cell-wallloosening proteins, such as XTH and expansins, have been shown to play important roles in rose petal growth (Takahashi et al., 2007; Yamada et al., 2009; Dai et al., 2012) . Further elucidation of the roles of these proteins in response to light environment will be an interesting and necessary theme to pursue in the future.
Although several studies have focused on senescence to improve the vase life of cut flowers (van Doorn and Woltering, 2008) , only a few studies have focused on the perception and effects of light on flower opening in cut roses. The present study demonstrates that light environment strongly affects flower opening and water balance in cut roses. Thus, understanding the response of a cut rose to light stimuli might lead to the development of a new method that can be used in addition to sugar and ethylene production/action inhibitors to improve cut rose quality. More studies are warranted to further understand the relationship between light environment and flower opening.
